Abstract-The L-band Imaging Scatterometer (LIS), developed at NASA/Goddard Space Flight Center as part of the RadSTAR initiative, is an airborne imaging radar that combines phased array technology and digital beam forming techniques for the measurement of important scientific parameters. The instrument operates at 1.26 GHz, horizontal polarization, and employs a real-time processor capable of synthesizing multiple beams over a scan range of +/-50 degrees. LIS was flight tested in May 2006 and in January 2007 on board of the NASA P3 aircraft over the Delmarva Peninsula, VA. In this paper we describe the RadSTAR system and present some preliminary analysis of the radar data collected during the test flights.
INTRODUCTION
RadST AR is an instrument development program aimed at combining a radiometer and a scatterometer system into a highly compact configuration that uses a single, electronically scanned antenna to provide co-located and simultaneous measurements of emission and backscatter for airborne and spaceborne applications [1] . The program was designed to map soil moisture and ocean salinity, both important components of the water cycle, and to map sea ice density and thickness, an important factor in ocean-atmosphere heat exchange in Polar Regions. The accuracy in estimation of these and a number of other Earth science parameters could be greatly enhanced by providing the co-aligned radar/radiometer microwave measurements.
The L-band Imaging Scatterometer (LIS) is an airborne radar developed at NASA/Goddard Space Flight Center as part of the RadSTAR initiative [2] . The instrument was designed for joint operation with the NASA Electrically Steered Thinned Array Radiometer (ESTAR) instruments [3] . The radar combines phased array technology and digital beam forming in order to implement several scanning techniques. LIS was first flight tested in May 2006 when it flew on board the NASA P3 aircraft over areas on the Delmarva Peninsula, Virginia. LIS was later flown on board the P3 along with the ESTAR-ID instrument in January 2007 over the Delmarva Peninsula. This paper presents preliminary analysis of the data collected with the radar during the test flights. The analysis of the combined radar-radiometer data will be presented at a later time.
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II. INSTRUMENT DESCRIPTION:
LIS operates at 1.26 GHz with a nominal pulse width of 1 usee (150 m resolution). The instrument consists of eight transmit/receive channels, a phased-array antenna, and a realtime processor (Fig 1) . The transmit channels include solid state power amplifiers (SSPA), digital attenuators, and digital phase shifters. The digital attenuators and digital phase shifters allow amplitude tapering and beam steering. The SSPAs generate up to 16 Watts of total output power. The receive channels include low noise amplifiers, filters, and frequency down-converters.
Subarrays of microstrip patch elements The antenna is a corporate fed microstrip patch-array made up of 10 subarrays of 8 elements. Only the central eight subarrays are active, with the outer two terminated in a matched load to reduce the effects of uneven mutual coupling. Although only horizontal polarization is being used with the present configuration, a provision was made for separate corporate feeds for vertical and horizontal polarization. Table 1 summarizes the characteristics of the radar.
The real-time processor is capable of synthesizing multiple, low side-lobe beams over a scan range of +/-50 degrees. The processor uses eight 12-bit 100 MHz analog to digital converter, a 16-bit digital tuner, a high performance FieldProgrammable Gate Arrays, and a VXI interface to the host computer. A secondary FPGA chip with 64-Mbit flash memory is used to upload different beamforming algorithms in flight.
The radar beamforming algorithms that run on the FPGA allow steering the received beam and controlling its beamwidth and side-lobe. The instrument can operate in several beamforming modes, each characterized by unique strengths and weaknesses, and each applicable to different measurement scenarios. The radar operational modes include 1) simultaneous transmission and reception on all subarrays; 2) transmission on a single subarray, simultaneous reception on all subarrays; and 3) sequential transmission and reception on each subarray. The digitized radar output also allows the application of post-processing amplitude and phase tapers in order to achieve optimal pattern control.
III. TEST FLIGHTS DESCRIPTION
The test flights took place in the spring of 2006 and winter of 2007 onboard the NASA P-3 aircraft over areas of the Delmarva Peninsula, Virginia. The radar was mounted in the bomb bay of the P-3 aircraft with the antenna pointed at nadir. The real-time processor was located inside the aircraft fuselage just above the bomb bay area. The flight lines covered an area that included ocean, agricultural and forested land, coastal marshes, and the Chesapeake Bay (Fig 2) . This area had also been observed by the ESTAR radiometer in previous flights. Over five hours of data were collected using the beamforming modes 1 and 2 described earlier. The area covered in each of the beamforming modes did not correspond to the same track but to adjacent tracks displaced by about 4 km. The area was traversed at several altitudes ranging from 1.2 km to 5.3 km at a speed of about 100 mls.
The average radar backscattering coefficient ((J" 0) was computed for different sections of the test area. In each of the beamforming modes, the radar collected data at 5 KHz and averaged 500 pulses. This resulted in 1.2 samples per second in beamforming mode 1, and 10 samples per second in beamforming mode 2. In both modes the radar collected data at twelve incidence angles: -45°, -37.5°, -30°, -22.5°, -15°, -7.5°, 0°, 7.5°, 15°, 22.5°, 30°, and 37.5°. Ancillary data from GPS, ARINC, and video cameras were also recorded during the test flights.
IV. NORMALIZED BACKSCATTERING COEFFICINET:
The backscattering coefficients were computed using the appropriate beam-limited or pulse limited equations for the corresponding look angle. The coefficients were averaged over sections of ocean and land and normalized for comparison purposes. The left scan look angles ranged from -45°to 0°and the right scans from 0°to 37.5°.
The backscattering coefficients averaged over a section of land are shown in figure 3 as a function of look angle. Plotted in the figure as a reference are the backscattering coefficients (normalized) for bare-soil with surface roughness of 2.2 cm and 3 cm found in the literature [4] . The section of land covered in the measurement included agricultural and forested areas, as well as scattered buildings and roads. The plot reveals some similarities as well differences between modes and scans. Although the terrain covered in the two modes is not exactly the same, there is some overlapping in the covered area which was traced in opposite directions for each of the modes. For instance, the mode 1 left scan agrees well with the mode 2 right scan up to, up to 22.5°which a share significant common area. Similarly, the mode 2 left scan agrees well with the mode 1 right scan up to, up to 15°. Beyond 22.5°all modes spread out but have similar upward trends. This behavior is not totally understood yet and could be due to several factors such as differences in terrain, signal contamination, or processing errors. Comparisons between the coefficients obtained in this work with the coefficients reported in the literature show similar ranges and trends.
The data used in figure 3 were collected at an altitude of 4.8 KIn. At this altitude radio frequency interference (RFI) from near by sources was more severe than at lower altitudes, in particular at ± 37.5°, and 45°look angles. In this analysis, an attempt was made to remove all the "detectable" RFI.
The backscattering coefficients averaged over a section of the ocean are shown in figure 4 as a function of look angle. In this case, all the coefficients agree closely with each other, up to 22.5°. Some small differences are observed beyond 30 degrees. The data used in figure 4 were collected at an altitude of 2.6 KIn. Analysis of the entire data set showed that at this altitude and lower altitudes sidelobe contamination could be possible due to the narrow separation between the returns from the main beam and the specular returns from the sidelobes. In this analysis, the data selected had none or minimum side lobe contamination.
The backscattering coefficients obtained with beamforming mode 2 were also used to generate a strip map of a section of the covered area as shown in figure 5 . The coefficients were not averaged in this plot. Several features can be observed in the figure. The ocean extends from 0 to 4.5 KIn and it is characterized by strong returns near nadir. From 4.5 KIn to 10 KIn lies the coastal marsh, which is noticeable because of the slight drop in cross-section near nadir. From 10 KIn to 23 KIn is the agricultural and forested land area characterized by a reduction in the coefficient near nadir and an increase at the steeper angles. The strip map was generated with beamforming mode 2 at an altitude of 2.6 km. In this plot RFI can be seen as reoccurring red lines at the angles of ± 37.5°, and 45°.
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CONCLUDING REMARKS
The flight tests conducted so far have indicated the successful operation of the system. The tests have also revealed several problems which we are currently addressing. One problem is sensitivity. The radar maximum out power is 16 W which should be sufficient for the range of operational altitudes of the aircraft (1 KIn -8 KIn). However, a mismatch with the phased array antenna prevents transmitting full power. A solution to this problem is to fly the instrument at a lower altitude to increase sensitivity. This, however, is the source of a second problem. At low altitudes, the specular ground returns from the sidelobes leak into adjacent range gates, contaminating the returns from the main beam.
During the flights a test was perform to evaluate reducing specular returns from the side lobes. The test consisted in moving the antenna beam off nadir in the along-track direction so as to place the sidelobe specular components in a null of the along-track beam pattern. This was accomplished by flying the aircraft with a 20°pitch for short periods of time.
The tests resulted in a significant reduction in the specular returns.
Another issue we are currently addressing is possible errors in the real-time processor. Although the radar and processor have been successfully tested in the anechoic chamber several times, these tests perform "one-way" measurements of the transmitter and receiver separately, and don't reveal problems in the synchronization between the two.
The next round of test will take place in the summer/fall months of 2007 when LIS will be flown again with ESTAR-ID instrument on board the NASA P3 aircraft. For these flights we will increase the radar sensitivity by improving the antenna mismatch. We will also adjust the antenna beam to an off-nadir position (20°along track) which should yield a significant reduction in the specular sidelobe returns.
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